2.7 USE OF ENERGY BALANCE WITH MATERIAL BALANCE 


A particular crude oil is healed to 510 K (458°F) and charged at 10 L/h (0.01 ra 3 /h, or 2.6 gal/h) to 
the flash zone of a laboralory distillation tower. The flash zone is at an absolute piessure of HOkPa 
(16 psi). Determine the percent vaporized and the amounts of the overhead and bottoms streams. 
Assume that the vapor and liquid are in equilibriiim. 


Calculation Procedure 

1. Select the approach to he employcd In this problem there is not enough information available to 
eraploy a purely materi al-balance approach. Instead, use an eneigy balance as weU. Such an approach 
is especially appropriate in cases such as this one in which some of the components undergo a phase 
change. 

From the American Petroleum Institute’s (API) Technical Data Book—Petroleum Refining ; spe- 
cific heats, specific gravities, latent heats of vaporization, and percent vaporization can be obtained, 
for a given oil, as a function of flash-zone temperature (percent vaporization and flash-zone tem¬ 
perature are functionally related because the flash vaporization takes place adiabalically). This sug¬ 
gests a trial-and-enor procedure: Assume a flash-zone temperature and the associated percent va¬ 
porization; then make an energy balance to check the assumptions. Finally, complete the material 
balance. 
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2. Assume a fiask-zone temperature and percent vaporiifition , and obtain the data for the sys¬ 
tem at those conditions. Assume, for a first guess, Ihat 30 percent (by volume) of the feed is 
vaporized. The API Data Book indicates that for this oil, the corresponding flash-zone temperature 
is 483 K (410°F); the fraction vaporized has a latent heat of vaporization of 291 kJ/kg (125 Btu I 
lb) and a density of 0.750 kg/L (750 kg/m 3 , or 47.0 lb/ft 3 ) and a specific heat of 2.89 kJ/ 
(kg)(K) [0.69 Btu/(Ib)(°F)]. The unvaporized portion has a density of 0.892 kg/L (892 kg/m 3 , or 
55.8 Mt 3 ) and a specific heat of 2.68 kJ/(kg)(K) [0.64 Btu/(lb)(°F)]. In addition, the feed has a 
density of 0.850 kg/L (850 kg/m 3 , or 53.1 lb/ft 3 ) and a specific heat of 2.85 kJ/(kg)(K) [0.68 Btu I 
TO]. 


3. Make an energy balance. For convenience, use the flash temperature, 483 K, as the datum 
temperature. The energy brought into the system by the feed, consisting of sensible-heat energy 
with reference to the datum temperature, must equal the energy in the vapor stream (its latent heat 
plus its sensible heat) plus the energy in the bottoms stream (its sensible heat). However, since the 
flash temperature is the datum, and since both the vapor and the bottoms streams are at the datum 
temperature, neither of those product streams has a sensible-heat term associated with it. Thus the 
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eneigy balance on the basis of 1 h (10 L) is as follows: 


(10 L)(0.850 kg/L)[2.85 kJ/(kg)(K)](5lO K -483 K) = (3 L){0.750 kg/L){(291 kJ/kg) 

+12.89 kJ/(kg)(K)] (483 K - 483 K)} + (7 L)(0.892 kg/L)[2.68 kJ/(kg)(K)](483 K - 483 K) 

Or, 654 = 655 + 0. Since this is within the limits of accuracy, the assumpdon of 30 percent vaporized 
is correct. 

4 Make the material balance to determine the amouiit in the overhead and bottoms streams. 
On the basis of 1 h, the mass in is (10 L)(0.850 kg/L) = 8.5 kg. The mass out consists of the mass 
that becomes vaporized (the overhead) plus the mass that remains unvaporized (the bottoms). The 
overhead is (3 L)(0.750 kg/L) = 2.25 kg (4.96 lb). Ilie bottoms stream is (7 L)(0.892 kg/L) = 
6.24 kg (13.76 lb). Thus, 8.5 kg = (2.25 + 6.24) kg. The material balance is consistent, within the 
limits of accuracy. 

Related Calcitlations. The problem can be worked in similar fashion using valnes from enthalpy 
tables. In this case, the datam temperature is below the flash-zone temperature; therefore, sensible 
heat in the two exiting streams must be taken into account. 
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10.3 SOL1D-PHASE GENERATION OFA HYDRATED SALT 
BY COOLING 


A 35 wt % aqueous MgS0 4 solution is originally present at 200°F (366 K). If the solution is cooled 
(with no evaporation) to 70°F (294 K), what solid-phase hydrate will fonn? If the crystallizer is 
operated at 10,000 lb/h (4540 kg/h) of feed, how rnany pounds of c rystals will be produced per hour? 
What will be the solid-phase yield? 


Calculation Procedure 

1. Determine the hydrate formation. As the phase diagram (Fig. 10.3) shows, a solution originally 
containing 35 wt % MgS0 4 will, when cooled to 70°C, form a saturated aqueous solution containing 
27 wt % MgS0 4 (corresponding to point A) in equilibrium with MgS0 4 • 7H 2 0 hydrated solids (point 
B ). No other hydrate can exist at equilibrium under these conditions. Now since the molecular weights 
ofMgS0 4 and MgS0 4 - 7H 2 Oare 120 and 246, respectively, the solid-phase hydrate is(120/246)(100) 
= 48.8 wt % MgS0 4 ; the rest of the solid phase is H 2 O in the crystal lattice s truet ure. 

2. Calculate the crystal production rate and the solid-phase yield. Let L be the weight of liquid 
phase fomied and S the weight of solid phase formed. Then, for 10,000 lb/h of feed solution, L + 
S = 10,000, and (by making a maleri al balance for the MgS0 4 ) 0.35(10,000) = 0.27 L + 0.4885. 
Sol ving these two equations gives L = 6330 lb/h of liquid phase and S = 3670 lb/h (1665 kg/h) of 
MgS0 4 -7H 2 0. 

Now the solid-phase yield is based on MgS0 4 , not on MgS0 4 - 7H 2 0. The 3670 lb/h of solid phase 
is 48.8 wt % MgS0 4 , from step 1, so it contains 3670(0.488) — 1791 lb/h MgS0 4 . Total MgS0 4 
introduced into the system is 0.35(10,000) = 3500 lb/h. Therefore, solid-phase yield is 1791/3500 = 
51.2 percent. 

As a matter of interest, the amount of H 2 0 removed from the system by solid (hydrate) formation 
is 3670(1.0 - 0.488) = 1879 lb/h. 

Related Calculations . This method can be used to calculate the yield of any hydrated salt from a 
batch or a steady-State cooling crystallizer. 

In step 2, L and S can instead be found by applying the inverse lever-arm rule to line segments 
~AB and AC in Fig. 10.3. Thus, S/(S + L) = 5/10,000 = ~AB/AC = (0.35 - 0.27)/(0.488 - 0.27); 
therefore, S = 3670 lb/h. 
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WtLøll fration UgSO, 

FM i URE 10L3 Phaæ dagnuo for MgSOU- H 2 O. (fran Perry—Chemical Engineirr'z HaivSbook, McGnrw- 
Hill F96S .) 
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W.4 SOUD-PHASE GENERATION OFA HYDRATED SALT 
BYBOtUNG 


Consider 40,000 Ib/h (18,150 Icg/h) of a 25 wt fc MgSO* solution being fed at 200°F (366 K) to an 
evaporalive cryslallizer that boils off water at a rate of 15,000 Ib/h (6800 kg/h). The ciystallizer is 
operaled at I30°F(327 K) under vacuum condilions. Deiermine the solid-phase composilion, solid- 
phase production rate, and solid-phase yield. Also calculate the required energy addition rale for ihe 
process. 




V - ISjOOO K>/h 16600 kg/h> 

H~0 vopg* 

130 6 F <327K) 




L-17,450 ifc/ n 

{79l3 kg/h) hquc<- 




f = 40,000 Ib/h 
< 18,150 Kq/Kl 

Evopo*oi*** 

34.5 wi MgSO« 

25 wl % ~MgSO, 

200*F <36^K) 

crysioit'zer 

130® F <327 K 1 

S« 75^0 Ib/h 

<3425 kg/hl soiufe. 


52.7 % MgSCV 



O.Blu/h (W1 


F1GURE 10.4 Ruh' dbagracn for waporadw cryslaibzer (Example 10.4). 


Tutorial 4AB ChE 202 


6 





Calculatlon Procedure 


/. Determine the hydrate formation {solids composition). Si nce 15.000 Ib/h of water is removed, 
the productslurry will have an overall MgSO< composition of0.25 x 40,000 lb/(40,000 — 15.0001b) 
= 40.0 wi & MgSOj. From Fig. 10.3, a system al I30^F and overall MgSO* composition of 40 wt % 
will yield MgSO*-6H 2 0 solids in equilibrium wilh a34.5 wl$, MgSO* liquor. Since the molecular 
weights of MgSO* and MgS0*-6H20 are 120 and 228, respeclively. the solid-phase hydrate is 
(120/228)(100) = 52.7 wl % MgSO*. Wftfa 47.3 wl % water. 

2. Calculate the solids production rate. Let L be ihe weighl of liquid phase formed and S the 
weightof solid phase fonmed. Then. for 40.000 Ib/h of feed solution with 15.000 Ib/h of water boil-off, 
S L = 40,000 — 15,000, and (by making a material balance for ihe MgSO*) 0.25(40.000) 
= 0.5275 +- 0.345 L. Solving these iwo equabons gives L = 17,450 Ib/h of liquid phase and 
J = 7550 Ib/h (3425 kg/h) of MgSO, - 6H 2 0 sol ids. 

3. Calculate the solid-phase yield. The solid-phase yield is based on MgSO^. not on 
MgSO*- 6H 2 0. From step I. the 7550 Ib/h of solid phase is 52.7 wl MgSO*. so it contains 7550 
(0.527) = 3979 Ib/h MgSO,. Total MgSO* inlroduced inlo the system is 0 25(40,000) = 10,000 Ib/h. 
Therefore, solid-phase yield is 3979/10,000 = 39.8 percent. 

4. Calculate the energy addition rate. Figure 10.4 shows ihe mass flow rates arou nd the evaporalive 
cryslallizer. as well as an arrow symbolizing the energy addition. An energy balance around the 
cryslallizer gives Q = VH s - -+ LH l -f - SH s — FHf. where ihe H’s are the slream enthalpies. From 
Fig. 10.5. H l = —32 Btu/lb. H s = — 110 Btu/lb (extrapolaled to 5 2.7 peroent). and Hp = 52 Btu/Ib. 
The value for ihe water vapor. H V r - lakes a little more work lo geL The enthalpy basis of water used in 
Fig. 10 5 is 32 V F liquid: this can be deduced from the facl that ihe figure shows an enthalpy value of 
0 for pure water (i.e.. 0 wt % MgSO* solution) at 32 V F. The basis of most steam lables is 32 J F liquid 
water. From such a sleam lable an H v value of about 1113 Blu/Ib can be oblained for I30^F vapor 
water (the pressure correction is minor and can be neg leeted). Therefore. Q = 15.000 x 1118-+- 
17,450 x (-32) + 7550 x (-110) - 40,000 x 52 = 13.3 x 10* Blu /h (3900 kW) energy addition 
to the cryslallizer. Energy addilion per pound of solids produced is 13.3 x 10^/7550 = 1760 Blu 
(1860 kJ). 

Related Calculations. This method can be used tocalculale ihe yield, boiling (if any), and energy 
addition lo an evaporative or cooling cryslallizer that produces any hydrated or anhydrous crystal 
solid. 
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1310 WATER REQ UtREMENTS FOR CLOSED-ORCUtT 
MtLL SYSTEM 


A closed-circuit grinding system employs a high-efficiency air dassifier wherein the dassifier feed 
(i.e-, the miU discharge) is exposed to oulside air ralher than recirculaled air, thus reducing the 
product-cooling loadL The system is shown in Fig. 13.4. 

Fresh-feed rate N ard mi LI produclion rate P are each 200,000 Ib/h (90,900 kg/h). The circuJating 
load L is 150 percent (i.e., 1.5). The flow rate of 80^F (300 K) ambient air lo the dassifier A is 
221 1 000 lb/h (100,500 kg/h). The fresh feed er ters the mi LI al 160°F (344 K). The flow tale of 80*F 
(300 K) sweep air S to the miJI is 53,000 lb/h (24 t l00 kg/h). MjII power input is 4000 hp. 

How much 70^ (294 K) coobng waiermust be sprayed into the milJ to keep the product temperature 
from exceedirg 150°F (339 K)? 

Use 0.25 Btu/CIbX^F) as tbe specific heal of the air, and 0.19 Btu/(lbK*F) os the speci&c heal of 
the fresh feed, milt discharge D, tailings T. and product Assume that the fractional heal losses in the 
milt and dassifier cirumts are 20 percenl and 12 perceoi, respectivety. Assume that the tailings aie 
15 degrees hofter than tbe product (i.e., thai tbey are 165*F), thal the dassifier exhaust £ is 2 degrees 
cooler than the product (i.e., that the exhaust is l+S^F), and thal tbe mil! vent is 20 degrees cooler 
than tibe miil discharge. Assume thal the waler achieves its cooling via vaporizahon in the mil], and 
that amountof waler vaporleaving with tbe mili ve al is negligibly small. 


Cakulatlon Procedure 

1. Drtermisu thr mtft-disckargrflow rate D. Use tbe equahon D = P(l + L) where, as noted in 
the statement of tbe problem, L is the circulating load. Tbus* D = 200,000( l + 1.5) = 500,000 Ih/b. 

Z Calculat* the taihags fimr rate T. The equahon is T = PL. Tbus, T = 200,000(1 .5) = 
300,000 lb/h. 
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FICL'RF 13.4 Closed-cimicl gnruliri^ system with tugh-efTicieocy air cLassifier (ELuinple 13.10) 
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3. Determin* the ent halpie s of lh* fresh feed N, product P, fadings T, ambien f air to classifier .4, 
and classifier exhaust E. For all of these stresums, use the genera] formula H = cm O — r 0 ), where 
H is enthalpy in Btu’s per hour, c i& specific heat as given in the statement of the problem, m is mass 
flow rate, and t and t a are, respeclively. the s tre-am temperature and reference temperature in degrees 
Fahrenheit. For arithmelical simplicity. use O^F as the reference temperature throughoul. Then 

H n = 0.19(200.000X160—O) = 6 I x I O 4 Btu/h 

H P — 0.19(200.000X150 — 0) = 5.7 x I0 4 Btu/h 

H r = 0.19(300.OOOX 165 — 0) = 9 4 x I0 4 Bui/h 

H a = 0.25(221.000X80 — 0) =4.4 x I O 4 Btu/h 

H £ = 0.25(221 .OOOX 148 — O) = 8 2 x I O 4 Btu/h 

4. EsHmate the heat loss H K from the classifier circttit. Use the equation H K = [ Pk /(I — 
Pe'iMHe — WaX where p* is the fractional heat loss (12 percent. or 0.12). Thus, 

H k = [O 12/(1- 0.12)][(8.2 — 4.4) x I0 6 ] = 0.5 x I0 6 Blu/h 

5. Estimate the heat loss from the mill cimtii. The equation is = (/?.«■ )C power input to 
mill). where p M is the fractional heat loss (20 percent. or 0.2). Thus. 

H u — (0.2X4000 hp)(2545 Btu/(hKhp» = 2.0 x lO 4 Btu/h 

6. Determine Mo, the enthalpy of the null-discharge stream. This is done by making an energy 
balance around the classifier and solving it for Hty- The energy balance is H 0 +■ H A = H P + H T -+- 
Hjr -+- H k . Accordingly. H ty — (5.7 -f 9.4 + 8.2 -1-0.5 — 4.4) x I O 6 = 19.4 x 10 6 Btu/h. 

7. Calculate the miB-discharge temperature t D . Solve the general enthalpy equation (step 3) for t. 
Thus. tp = Hty /cm = (19.4 x IO^)/(0.19K0.5 x I O 6 ) = 204 o F„ wilh m being the mill discharge rate 
determined in step I. 

& Estimate H v , the milt-rent enthalpy. The rrull-vent rate equals the sweep-air rate. 53.000 Ib/h. 
From the statement of the problem, the mi II-vent temperature is 204 — 20, i.e.. I84°F. Accordingly, 
H y = 0.25(53,000X184 — 0) = 2.4 x I O 6 Btu/h. 
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9. Determin* H w , the en thaipy ofthe waier spray ed into ike milt The water musl remove the heal 
introduced via the fresh feed. the tailings. the sweep air, and the mi]l power input H If less ihe heat 
removed via ihe miil discharge and the mil I vent and less the mili heat los ses. Thus. Hw = Hn + 
H t + H s + Hf - H 0 - H v - Now. Hj =(4000 hpX2545 Btu/<h)(hp)) = 10.2 x I0 6 Blu/h, 
and H s = {0.25X53,000X80 - 0) = I. I x I O 6 Btu/h. Accordingly. H w = (6.1 -t- 94 + I I + 10.2 - 
19.4 - 2.4 - 2.0) x IC* = 3.0 x 10“ Btu/h. 

10. Calculaie the required waier rate W. From enthalpy tables, deiermine ihe enlhalpy di fference 
between ihe water entenng ihe miII and the vapor leaving. For the purpose of this example, assume 
ihal the difference is 1100 Blu/Ib. Then the amount of water needed to salisfy ihe enthalpy requiremeni 
calculated in slep 9 is 

(3.0 x IO^Btu/h)/(l100 Ib/h) = 2700 Ib/h {1225 kg/h) 

This is significantly lower cooling duly than would be the case wilh a conventional closed-circuit 
grindi ng syslem. 

RelatedCalculations. Threerelated problemsare(I) Howmuch wilI theproduct temperaturechange 
during the boltest part of the year if the water flow rate is subslantially raised at ihe same lime? 
(2) Determine the required water rate assummg that ihe mil! venl V is senl to ihe classifier instead of 
being discharged to the atmosphere: (3) Assume thal ihe water rale delermined in Problem 2 is at a 
maximum: how mueh will the produel temperature inereaseduring the hottesi period of the year? All 
ihree of these call for trial-and-error solution 

h/ote: This example is adapted from an article by Ivan Klumpar of Badger Engjneers, Inc., in 
Chemical Engineering, March 1992. 
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